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2-Deoxyglucose Inhibits Induction of Chemokine Expression
in 3T3-L1 Adipocytes and Adipose Tissue Explants
Ryan W. Grant1, Jacqueline I. Boudreaux1, and Jacqueline M. Stephens2,3
Objective: To determine the influence of glycolytic inhibition on the adipocyte inflammatory response.
Methods: To determine the effect of 2-deoxyglucose (2-DOG) on the inflammatory response, mature
3T3-L1 adipocytes were co-treated with 2-DOG and LPS or TNF. To determine the effect of endoplasmic
reticulum stress on TNF-induced induction of chemokines, adipocytes were pretreated with thapsigargin
or salubrinal. Chemokine mRNA levels were determined using quantitative real-time PCR, and secretion
of CCL2 was determined by Western blot.
Results: 2-DOG treatment reduced the ability of LPS and TNF to induce CCL2 mRNA levels and reduced
secreted CCL2 protein levels in a dose-dependent manner. A similar pattern of mRNA regulation was
observed for other chemokines. The attenuation of TNF-induced CCL2 mRNA levels occurred regardless
of whether glucose or pyruvate was present in the media, suggesting that mechanisms other than glycol-
ysis might mediate the observed effects. Treatment with the endoplasmic reticulum stressor thapsigargin
and the endoplasmic reticulum signaling activator salubrinal reduced chemokine mRNA levels similarly to
2-DOG.
Conclusions: Collectively, our data indicate that 2-DOG suppresses inflammatory chemokine induction in
adipocytes. The effects of 2-DOG do not seem to be linked to glycolysis but correlate with endoplasmic
reticulum stress activation.
Obesity (2017) 25, 76-84. doi:10.1002/oby.21668
Introduction
Obesity is characterized by a substantial increase in adipose tissue-
associated immune cells that contribute to systemic inflammation.
For a 100 kg person with 50% body fat, this represents approxi-
mately 64 3 109 cells, which make up a large immunologically
active organ (1). Recruitment of immune cells is a key component
of the inflammatory response and is controlled by the secretion of
recruitment signals (e.g., chemokines) from various tissues. Adipo-
cytes are the most abundant cell type in adipose tissue and are capa-
ble of secreting numerous chemokines that are elevated during
obesity.
A growing literature suggests that macronutrient metabolism and
metabolic pathways control inflammatory responses. Recent findings
have suggested that M1 polarized macrophages rely on glycolysis
(2), while M2 macrophages rely on fatty acid oxidation (3). In addi-
tion, 2-deoxyglucose (2-DOG) is a glucose analog that functions as
a glycolytic inhibitor and is known to have anti-inflammatory prop-
erties (2). In macrophages, 2-DOG modulates intracellular
metabolites, particularly succinate, that link glycolysis to LPS-
induced expression of several inflammatory gene transcripts such as
IL-1b (2). Interestingly, the anti-inflammatory properties of 2-DOG
appear to be shared across immune cells, since 2-DOG treatment
has been shown to inhibit the development of TH17 cells while pro-
moting the generation of Treg cells (4). Although studies using 2-
DOG have demonstrated that it has potent effects on inflammation,
the precise mechanisms that couple glycolytic inhibition to gene
expression remain unknown. There is also evidence that 2-DOG
influences glycosylation and has the ability to activate NF-jB, albeit
in a longer time frame (3 h) than immunological stimuli (5).
Evidence suggests that glucose metabolism controls the metabolic
response of adipocytes to inflammatory stimuli. Adipocyte lipolysis
is responsive to glucose concentrations, with higher glucose concen-
trations promoting lipolysis and glucose analogs inhibiting lipolysis
(6). These data suggest that glucose influences the metabolic
response to TNF and other inflammatory mediators in adipocytes.
However, the ability of glucose and glycolytic inhibitors to control
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the inflammatory response in adipocytes is not known. Because adi-
pocytes secrete a wide variety of chemokines that control immune
cell recruitment, we sought to determine the role of glycolytic inhi-
bition on chemokine mRNA levels and secretion in adipocytes chal-
lenged with inflammatory stimuli.
Methods
Cell culture
Murine 3T3-L1 preadipocytes, obtained from Dr. Green’s laboratory
(7), were grown, maintained, and induced to differentiate using a
standard protocol (8). Fully differentiated adipocytes were main-
tained in DMEM (Sigma-Aldrich, St Louis, MO) supplemented with
10% FBS (Sigma-Aldrich) until 2 days before experimentation when
cells were fed with 10% calf serum (Sigma-Aldrich). Prior to treat-
ments, media was changed to low-glucose (5.5 mM) DMEM
(Sigma-Aldrich) and 1% calf serum overnight. For 20-h treatments,
cells were treated with 2-DOG and LPS or TNF concurrently. For
shorter treatments, cells were pretreated with 2-DOG (Sigma-
Aldrich), thapsigargin (Sigma-Aldrich), or salubrinal (R&D Systems,
Minneapolis, MN) for 30 min and then treated with TNF (R&D Sys-
tems) for 1 to 4 h.
siRNA-mediated GLUT1 knockdown
Knockdown of GLUT1 was accomplished using a lipid-based trans-
fection system (Dharmafect, GE Dharmacon, Lafayette, CO) and
performed as described previously (9). Briefly, 3T3-L1 adipocytes
were differentiated, and 7 to 10 days after differentiation, cells were
trypsinized and plated into 24-well plates using low-glucose DMEM
and 10% FBS. After replating, cells were treated with siRNA for
48 h and then challenged with 0.5 nM TNF. After 4 h of treatment,
cells were collected and analyzed for mRNA levels.
Animals and adipose tissue explants
Ad libitum chow-fed (Teklad 2018S) C57BL/6 female mice 5 to 6.5
months of age were used for epididymal adipose tissue explant stud-
ies for proof of concept that 2-DOG can modify the TNF-induced
inflammatory response in whole adipose tissue. Mice were eutha-
nized in the fed state by CO2 asphyxiation. Tissues were collected
into low-glucose DMEM with 1% FBS and penicillin/streptomycin
as described by Strissel et al. (10). Explants were pretreated for 30
min with 2.0 mM 2-DOG and then treated with 0.5 nM TNF (R&D
Systems). After 4 h of TNF treatment, explants were collected and
analyzed for mRNA levels. All experiments and animal use were
conducted in compliance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and were
approved by the Institutional Animal Care and Use Committee at
Purdue University.
RNA extraction and qRT-PCR
Following treatment, cells were collected in 350 mL of RLT Buffer
(Qiagen, Germantown, MD) and frozen at 2808C. Cell suspensions
were thawed and RNA was isolated using the RNeasy Mini Kit
(Qiagen) according to manufacturer instructions. RNA was eluted
from the mini columns in 30 mL of nuclease-free water then
assessed for concentration and purity using the NanoDrop 2000
Spectrophotometer (Thermo Scientific, Waltham, MA). cDNA was
synthesized (High Capacity cDNA Reverse Transcription Kit,
Applied Biosystems, Foster City, CA), then real-time PCR was per-
formed with the QuantStudio 7 Flex Real-Time PCR System
(Applied Biosystems). RNA was analyzed using a mouse chemokine
and receptors pathway array (SAB Biosciences, Valencia, CA), and
primer sets for CCL2 (F: GCAGAGAGCCAGACGGGAGGA, R:
TGGGGCGTTAACTGCATCTGG), CCL5 (F: GGGTACCATG
AAGATCTCTGC, R:TCTAGGGAGAGGTAGGCAAAG), CCL8
(F: AGGGATTGAGAGGACGTAG, R: GGTGACTGGAGCCTTAT
CTG), CXCL10 (F: TCAGCACCATGAACCCAA, R:CTATGGCC
CTCATTCTCACTG), and adiponectin (F: AAAAGGGCTCAGGA
TGCTACTG, R: TGGGCAGGATTAAGAGGAACA) were also
used to measure mRNA transcript levels. PPIA was used as the
housekeeping gene (all primers from Integrated DNA Technologies,
Coralville, IA). Samples were run in triplicate.
Western blotting
Protein concentration was measured using BCA protein assay
(Thermo ScientificTM PierceTM Protein Biology, Waltham, MA).
Proteins were separated in 10% polyacrylamide gels containing SDS
and transferred to nitrocellulose membrane (Bio-Rad, Hercules, CA)
in 25 mmol/L Tris, 192 mmol/L glycine, and 20% methanol. Nitro-
cellulose was blocked in casein blocking buffer (LI-COR Bioscien-
ces, Lincoln, NE) for 1 h and incubated with primary antibody over-
night. A secondary anti-rabbit antibody (LI-COR) labeled with an
infrared label that emits signal at a wavelength of 680 nm was used.
Results were visualized and captured on an Odyssey CLx (LI-COR).
Statistical analysis
SAS statistical software (SAS Institute, Cary, NC) was used for all
statistical analyses. Cell culture experiments were analyzed using t-
tests. Adipose tissue explants were analyzed using a 2 3 2 factorial
design for the effects of 2-DOG and TNF. Results were considered
significantly different at P< 0.05
Results
2-DOG inhibits LPS-induced CCL2 secretion in
mature adipocytes
The influence of glycolytic inhibitors on adipocyte chemokine gene
expression and secretion in response to proinflammatory stimuli is
not known. To determine the influence of glycolytic inhibition on
the response to proinflammatory stimuli, LPS-induced chemokine
mRNA levels were measured in 3T3-L1 adipocytes. Mature adipo-
cytes were treated with LPS alone or in the presence of 1.0 mM or
2.0 mM 2-DOG for 20 h. These doses of 2-DOG have previously
been shown to reduce inflammatory gene expression in macrophages
(2). LPS-induced CCL2 secretion into the cell culture media was
inhibited by 2-DOG in a dose-dependent manner with the greatest
inhibition occurring at the highest 2-DOG concentration (270%,
P< 0.05, Figure 1A, B). Differences in CCL2 secretion were mir-
rored by dose-dependent decreases in CCL2 mRNA in adipocytes
treated with LPS and 2-DOG (293%, P< 0.05, Figure 1C). Based
on CCL2 secretion in response to LPS, preadipocytes were relatively
unresponsive to 2-DOG, while the inhibitory effect of 2-DOG on
CCL2 secretion was larger in mature adipocytes (Figure 1D). These
data indicate that 2-DOG reduces CCL2 mRNA levels and CCL2
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secretion in response to LPS, and that modulation of mRNA may be
a critical target of 2-DOG in mature adipocytes.
2-DOG reduces TNF-induced CCL2 mRNA levels
in mature adipocytes
Although LPS is known to drive proinflammatory gene expression in
adipocytes, its role in driving adipocyte dysfunction during obesity and
its associated metabolic diseases is less established. Hence, we exam-
ined the actions of TNF, a well-established mediator of adipose tissue
inflammation and dysfunction during obesity and type 2 diabetes (11).
We tested the capacity of 2-DOG to regulate TNF-induced CCL2
mRNA levels. Mature adipocytes were treated with TNF, or co-treated
with TNF and 2-DOG (1.0 and 2.0 mM) for 20 h (Figure 2A). Similar
to the experiments using LPS described above, TNF significantly
increased CCL2 mRNA levels compared with control adipocytes.
TNF-induced CCL2 mRNA levels were decreased by co-treatment
with 2-DOG in a dose-dependent fashion with the greatest inhibition
occurring at 2.0 mM (283%, P< 0.01). We also used a targeted mouse
chemokine PCR array and observed that the mRNA levels of 10 che-
mokines were regulated in a similar fashion (Table 1). These data
clearly demonstrate that 2-DOG reduces the expression of several che-
mokines in 3T3-L1 adipocytes in response to TNF and LPS treatment.
We performed additional experiments to understand the time frame
in which 2-DOG is effective. Induction of CCL2 by TNF occurred
after a 1-h treatment and increased over an 8-h treatment. However,
the most dramatic increases were observed after 1 and 2 h (Figure
2B). To determine the acute effects of 2-DOG, adipocytes were pre-
treated for 30 min with 2-DOG and then stimulated with TNF for
1 h. 2-DOG significantly reduced CCL2 mRNA levels (252%,
P< 0.05) at 1 h, indicating acute inhibitory effects of 2-DOG (Fig-
ure 2C). To further assess whether the effects of 2-DOG were reliant
on glycolysis, we used an experimental paradigm where the cell cul-
ture media contained either 10.0 mM glucose (substrate of glycoly-
sis) or 10.0 mM pyruvate (end product of glycolysis). Surprisingly,
2-DOG was effective at reducing (P< 0.05) CCL2 mRNA levels in
either glucose or pyruvate containing media (Figure 2D). No differ-
ences were observed between cells in glucose or pyruvate containing
media in control and TNF-stimulated conditions.
GLUT1 knockdown modestly increases CCL2
mRNA
In adipose tissue, macrophage-derived TNF acts on adipocytes to
increase basal glucose transport and reduce insulin sensitivity (12).
GLUT1 is a basal glucose transporter whose expression is increased
in 3T3-L1 adipocytes by proinflammatory factors including TNF
(12). To determine if glucose transport via GLUT1 plays a role in
TNF-induced CCL2 mRNA, we knocked down the GLUT1 gene
using siRNA in mature adipocytes. Knockdown of GLUT1 protein
was successful (270%, Figure 3A, B). At 4 h of TNF treatment,
Figure 1 2-DOG decreases LPS-induced CCL2 mRNA and secreted protein in 3T3-L1 adipocytes. Fully differentiated 3T3-L1 adipocytes were maintained in
5.5 mM glucose media and co-treated with 20 ng/mL LPS and different concentrations of 2-DOG for 20 h. (A) Secreted CCL2 protein was analyzed by West-
ern blot of cell culture media in control, LPS, and 1 mM and 2 mM 2-DOG with LPS co-treatment and (B) secreted CCL2 band density was quantified. (C)
CCL2 mRNA was analyzed in control, LPS, and 1 mM and 2 mM 2-DOG with LPS co-treatment. (D) Secreted CCL2 was measured by Western blot of cell
culture media from preadipocytes and differentiated adipocytes treated for 20 h with control, LPS, and LPS with 2-DOG (0.25-2.0 mM). Data are presented
as the mean 6 SEM from representative experiments performed independently three times.
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differences in CCL2 protein were not detected in cell extracts (Fig-
ure 3A, B); however, TNF-treated adipocytes had modestly
increased secretion of CCL2 compared with unstimulated cells, and
this was unaffected by GLUT1 knockdown (Figure 3C, D). CCL2
mRNA was modestly increased (P< 0.01) in adipocytes treated with
TNF and GLUT1 siRNA (Figure 3E). Although differences in
mRNA expression were detected, differences detected at the protein
level likely take longer than 4 h to develop because of the modest
difference in mRNA and the time necessary for transcription and
translation to occur. These results indicate that a reduction in
TABLE 1 2-DOG co-treatment reduces adipocyte chemokine mRNA levels
Fold change
TNF 2 1 1 1
Gene name Gene symbol 2-DOG 2 2 1 mM 2 mM
Chemokine (C-C motif) ligand 2 Ccl2 1.00 196.99 107.51 60.40
Chemokine (C-C motif) ligand 5 Ccl5 1.00 274.98 47.41 33.70
Chemokine (C-C motif) ligand 7 Ccl7 1.00 72.39 56.28 33.69
Chemokine (C-C motif) ligand 8 Ccl8 1.00 9.66 2.86 1.69
Chemokine (C-C motif) ligand 9 Ccl9 1.00 12.77 4.88 2.88
Chemokine (C-C motif) receptor like 2 Ccrl2 1.00 29.16 4.04 2.14
Chemokine (C-X-C motif) ligand 5 Cxcl5 1.00 39.50 12.43 6.96
Chemokine (C-X-C motif) ligand 9 Cxcl9 1.00 75.78 11.45 10.91
Chemokine (C-X-C motif) ligand 10 Cxcl10 1.00 58.47 14.06 10.20
Figure 2 2-DOG decreases TNF-induced CCL2 mRNA in 3T3-L1 adipocytes. Differentiated 3T3-L1 adipocytes were maintained in
5.5 mM glucose media and were co-treated with 0.5 nM TNF and 1 or 2 mM 2-DOG. (A) CCL2 mRNA was measured in control,
TNF, and 1 and 2 mM 2-DOG with TNF co-treatment after 20 h. (B) Time course of CCL2 mRNA response to 0.5 nM TNF from 0 to
8 h. (C) CCL2 mRNA was measured after 30 min of pretreatment with 2-DOG and 1 h of treatment with 0.5 nM TNF in control, 2-
DOG, TNF, and 2-DOG followed by TNF. (D) The influence of media containing 10.0 mM glucose or 10.0 mM pyruvate on the sup-
pressive effect of 2-DOG on TNF-induced CCL2 mRNA. Data are presented as the mean 6 SEM. Experiments on the acute effects
of 2-DOG were performed independently three times.
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GLUT1 expression modestly increases TNF-induced gene expression
of CCL2 and does not protect 3T3-L1 adipocytes from TNF-
induction of CCL2.
Pretreatment with thapsigargin or salubrinal
inhibits the induction of chemokines in response
to TNF
2-DOG was effective in reducing mRNA levels of inflammatory
genes even when the end product of glycolysis was provided, sug-
gesting that its effects are likely mediated through nonglycolytic
pathways. 2-DOG is also known to interfere with the formation of
glycoproteins by inhibiting the transfer of dolichol oligosaccharides
to glycoproteins and induces the unfolded protein response (UPR)
(13). To determine the influence of pretreatment with a UPR activa-
tor on TNF-induced chemokine expression mature 3T3-L1 adipo-
cytes were pretreated with 1 lM thapsigargin for 30 min, and then
treated with 0.5 nM TNF for 4 h. TNF significantly increased
mRNA expression of CCL2, CCL5, CCL8, and CXCL10 (Figure
4A-D). However, pretreatment with thapsigargin blunted the TNF
response in a manner similar to 2mM 2-DOG (Figure 4A-D). These
data confirm mRNA alterations in genes identified by the targeted
Figure 3 GLUT1 knockdown increases TNF-induced CCL2 mRNA in 3T3-L1 adipocytes. Mature 3T3-L1 adipocytes were transfected with GLUT1 siRNA 7-10
days after induction of differentiation. (A) Western blots of whole cell extracts analyzing GLUT1, CCL2, and b-actin from cells transfected with nontargeted
siRNA and treated with TNF (0.5 nM). (B) Quantification of GLUT1 and CCL2 protein band density relative to b-actin from panel A. (C) Western blot of
secreted CCL2 protein in the cell culture media was from cells treated with nontargeted or GLUT1 siRNA and vehicle or TNF. (D) Quantification of secreted
CCL2 band density of Figure 5C. (E) CCL2 mRNA was analyzed in control and TNF-treated cells in untransfected, nontargeted siRNA and GLUT1 siRNA
treated samples. Data are presented as the mean 6 SEM from representative experiments performed independently three times.
Obesity 2-DOG Inhibits Chemokine Expression in Adipocytes Grant et al.
80 Obesity | VOLUME 25 | NUMBER 1 | JANUARY 2017 www.obesityjournal.org
chemokine array (Table 1) and also indicate that the effects of 2-
DOG on chemokine expression are similar to those induced by the
UPR activator thapsigargin. To further understand the contribution
of pathways downstream of the UPR, cells were pretreated with
either 2-DOG or salubrinal, which causes the accumulation of phos-
phorylated eIF2a by inhibiting its de-phosphorylation. Interestingly,
salubrinal dose-dependently decreased TNF-induced expression of
CCL2, CCL5, CCL8, and CXCL10 (Figure 5). These data indicate
that UPR activation and UPR signaling pathways have the capacity
to significantly regulate the secretion of chemokines in adipocytes.
2-DOG reduces chemokine mRNA levels in
adipose tissue explants
2-DOG effectively reduces LPS and TNF-induced chemokine
mRNA levels in 3T3-L1 adipocytes in vitro. Hence, we determined
whether 2-DOG would be effective in reducing TNF-induced che-
mokine levels in whole adipose tissue. Adipose tissue explants from
female mice were pretreated with 2-DOG for 30 min and then
treated with TNF. 2-DOG alone reduced CCL2 mRNA levels
(224% P< 0.05, Figure 6A). This is likely because basal levels of
TNF and other proinflammatory cytokines maintain CCL2 gene
expression in adipose tissue. Our ex vivo analysis also showed that
TNF increased CCL2 mRNA levels and pretreatment with 2-DOG
reduced TNF-induced CCL2 mRNA to basal levels (228%,
P< 0.01, Figure 6A). These results are consistent with our experi-
ments in 3T3-L1 adipocytes (Figure 2). Similarly, TNF-induced
CCL5 mRNA levels were reduced by pretreatment with 2-DOG in
ex vivo conditions (254%, P< 0.01, Figure 6B). Adiponectin
mRNA levels did not vary with 2-DOG or TNF treatment (Figure
6C). Adiponectin mRNA is very stable (14), and unlikely to change
due to the short TNF treatment time. These results indicate the 2-
DOG can act on whole adipose tissue to reduce chemokine mRNA
levels. These results should be interpreted with caution because
other cell types in adipose tissue are known to be targets of 2-DOG
and may be contributing to this ex vivo response.
Figure 4 Thapsigargin decreases TNF-induced chemokine mRNA in 3T3-L1 adipocytes. Fully differentiated 3T3-L1 adipocytes
were maintained in 5.5 mM glucose media and were pretreated with thapsigargin (1.0 lM) and 2-DOG (2 mM) for 30 min and
then treated with 0.5 nM TNF for 4 h. (A) CCL2, (B) CCL5, (C) CCL8, and (D) CXCL10 mRNA was analyzed in control, TNF,
and thapsigarin/TNF or 2-DOG/TNF treatments. Data are presented as the mean 6 SEM from representative experiments per-
formed independently three times.
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Discussion
Our novel observations reveal that 2-DOG inhibits TNF-induced
increases of chemokine mRNA in cultured adipocytes and adipose
tissue explants. Surprisingly, these results were not affected by
media glucose concentrations, and GLUT1 knockdown increased
CCL2 mRNA levels. These results indicate that the effects of 2-
DOG on TNF-induced mRNA levels in the adipocyte are likely not
Figure 5 Salubrinal decreases TNF-induced chemokine mRNA in 3T3-L1 adipocytes. Differentiated 3T3-L1 adipocytes were
maintained in 5.5 mM glucose media and were pretreated with salubrinal (0.0-8.0 lM) for 30 min and then treated with
0.5 nM TNF for 4 h. (A) CCL2, (B) CCL5, (C) CCL8, and (D) CXCL10 mRNA was analyzed in control, TNF, and salubrinal/TNF
treatments. Data are presented as the mean 6 SEM from representative experiments performed independently three times.
Figure 6 2-DOG decreases TNF-induced CCL2 and CCL5 mRNA in adipose tissue explants. Gonadal explants from 5- to 6-month-old C57BL/6 female mice
(n 5 5) were pretreated with 2-DOG for 30 min, which was followed by treatment with 0.5 nM TNF for 4 h. Whole adipose tissue mRNA was analyzed for (A)
CCL2, (B) CCL5, and (C) adiponectin. Data are presented as the mean 6 SEM.
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related to glycolytic inhibition. Instead, the anti-inflammatory effects
of 2-DOG on adipocytes may be related to the activation of endo-
plasmic reticulum (ER) stress pathways and downstream signaling
events. Thus, 2-DOG not only influences metabolism, but also mod-
ulates other pathways that regulate the adipocyte inflammatory
response.
Glycolytic inhibition by 2-DOG has previously been linked with
improvements in metabolism and aging. Initial studies demonstrated
that 2-DOG can improve markers associated with caloric restriction
including improved blood glucose homeostasis, reduced heart rate,
and reduced blood pressure (15,16). Other studies have demonstrated
that 2-DOG impacts pathways associated with stress response, par-
ticularly in models of neuronal damage including iron (17),
amyloid-B-peptide (17), and 1-methyl-4-phenyl-1,2,3,5-
tetrahydropyridine (18). 2-DOG has been shown to induce GRP78
and HSP70 in many of these models (17,19,20). Initially the data on
2-DOG as a caloric restriction mimetic was positive. However,
long-term studies using 2-DOG demonstrate that it can cause heart
failure in multiple strains of rats (21). Interestingly, our results sug-
gest that the effects of 2-DOG are not solely related to glycolysis,
but suggest that ER stress signaling pathways may contribute to the
effects of 2-DOG on inflammation and metabolism. Determining the
contribution of glycolysis versus ER stress signaling to the functions
of 2-DOG and their tissue specificity may yield important informa-
tion on the biology of aging.
Activation of the UPR contributes to cellular homeostasis by regu-
lating protein expression, stabilization and degradation; however,
prolonged UPR activation can lead to apoptosis. In this series of
experiments, acute activation was able to block the inflammatory
response to TNF; however, chronic stimulation may produce differ-
ent effects. This study indicates that activation of the signaling fac-
tor eIF2a may be responsible for reductions chemokine mRNA by
ER stress. Recent work by others has demonstrated that overexpres-
sion of the ER signaling protein XBP-1 is sufficient to down regu-
late metabolic enzymes in a manner similar to TNF (22). Given that
multiple signaling pathways arising from the ER influence autoph-
agy (23), future work will be needed to examine pathway specific-
ity. However, the effects of salubrinal indicate that eIF2a phospho-
rylation is critical to UPR regulation of the inflammatory response.
The extent to which chemokine expression can modify obesity-
induced adipose inflammation has been investigated primarily
through the use of global knockout mice. Targeting the production
of single chemokines has been problematic with some studies indi-
cating strong protection of CCL22/2 mice from macrophage accu-
mulation (24) and overexpression of CCL2 has been demonstrated
to drive adipose tissue macrophage accumulation (25). While other
studies demonstrate only modest protection from inflammation in
CCL2 knockouts fed a high-fat diet (26,27). CCR2, the receptor for
CCL2 and other MCP family chemokines, are protected against
insulin resistance (28,29). Designing approaches that target multiple
chemokines and their response to inflammatory stimuli may be a
way forward in this regard. 2-DOG and the pathways that it acti-
vates may be favorable in this respect because it targets multiple
chemokines.
Overall, our studies show that 2-DOG has the capacity to suppress
TNF-induced chemokine mRNA levels. Although the function of 2-
DOG is oftentimes attributed to its effects on glycolysis, our data
strongly suggest the involvement of other cellular processes. Our
results suggest that 2-DOG can function to suppress induction of a
specific subset of chemokines and it may do this through the induc-
tion of ER stress in adipocytes. Future studies in this area will be
needed to determine the responsible signaling pathways and whether
they can be specifically targeted for reducing metabolic
inflammation.O
Acknowledgments
We thank Anik Boudreau and Allison Richard for assistance with
cell culture experiments.
VC 2016 The Obesity Society
References:
1. Grant R, Youm YH, Ravussin A, Dixit VD. Quantification of adipose tissue
leukocytosis in obesity. Methods Mol Biol 2013;1040:195-209.
2. Tannahill GM, Curtis AM, Adamik J, et al. Succinate is an inflammatory signal
that induces IL-1beta through HIF-1alpha. Nature 2013;496:238-242.
3. Vats D, Mukundan L, Odegaard JI, et al. Oxidative metabolism and PGC-1beta
attenuate macrophage-mediated inflammation. Cell Metab 2006;4:13-24.
4. Shi LZ, Wang R, Huang G, et al. HIF1alpha-dependent glycolytic pathway
orchestrates a metabolic checkpoint for the differentiation of TH17 and Treg cells.
J Exp Med 2011;208:1367-1376.
5. Pahl HL, Baeuerle PA. A novel signal transduction pathway from the endoplasmic
reticulum to the nucleus is mediated by transcription factor NF-kappa B. EMBO J
1995;14:2580-2588.
6. Green A, Rumberger JM, Stuart CA, Ruhoff MS. Stimulation of lipolysis by tumor
necrosis factor-alpha in 3T3-L1 adipocytes is glucose dependent: implications for
long-term regulation of lipolysis. Diabetes 2004;53:74-81.
7. Green H, Kehinde O. An established preadipose cell line and its differentiation in
culture. II. Factors affecting the adipose conversion. Cell 1975;5:19-27.
8. Richard AJ, Fuller S, Fedorcenco V, et al. Artemisia scoparia enhances adipocyte
development and endocrine function in vitro and enhances insulin action in vivo.
PLoS One 2014;9:e98897.
9. Zhao P, Stephens JM. STAT1, NF-kappaB and ERKs play a role in the induction of
lipocalin-2 expression in adipocytes. Mol Metab 2013;2:161-170.
10. Strissel KJ, DeFuria J, Shaul ME, Bennett G, Greenberg AS, Obin MS. T-cell
recruitment and Th1 polarization in adipose tissue during diet-induced obesity in
C57BL/6 mice. Obesity (Silver Spring) 2010;18:1918-1925.
11. Grant RW, Stephens JM. Fat in flames: influence of cytokines and pattern
recognition receptors on adipocyte lipolysis. Am J Physiol Endocrinol Metab 2015;
309:E205-E213.
12. Lumeng CN, Deyoung SM, Saltiel AR. Macrophages block insulin action in
adipocytes by altering expression of signaling and glucose transport proteins. Am J
Physiol Endocrinol Metab 2007;292:E166-E174.
13. Elbein AD. Inhibitors of the biosynthesis and processing of N-linked
oligosaccharide chains. Annu Rev Biochem 1987;56:497-534.
14. White UA, Maier J, Zhao P, Richard AJ, Stephens JM. The modulation of
adiponectin by STAT5 activating hormones. Am J Physiol Endocrinol Metab 2016;
310:E129-E136.
15. Ingram DK, Zhu M, Mamczarz J, et al. Calorie restriction mimetics: an emerging
research field. Aging Cell 2006;5:97-108.
16. Wan R, Camandola S, Mattson MP. Intermittent fasting and dietary
supplementation with 2-deoxy-D-glucose improve functional and metabolic
cardiovascular risk factors in rats. FASEB J 2003;17:1133-1134.
17. Guo ZH, Mattson MP. In vivo 2-deoxyglucose administration preserves glucose and
glutamate transport and mitochondrial function in cortical synaptic terminals after
exposure to amyloid beta-peptide and iron: evidence for a stress response. Exp
Neurol 2000;166:173-179.
18. Duan W, Mattson MP. Dietary restriction and 2-deoxyglucose administration
improve behavioral outcome and reduce degeneration of dopaminergic neurons in
models of Parkinson’s disease. J Neurosci Res 1999;57:195-206.
19. Lee J, Bruce-Keller AJ, Kruman Y, Chan SL, Mattson MP. 2-Deoxy-D-glucose
protects hippocampal neurons against excitotoxic and oxidative injury: evidence for
the involvement of stress proteins. J Neurosci Res 1999;57:48-61.
20. Wu XN, Zhao HP, Min LQ, Zhang CX, Liu P, Luo YM. Effects of 2-Deoxyglucose
on ischemic brain injuries in rats. Int J Neurosci 2014;124:666-672.
21. Minor RK, Smith DL Jr, Sossong AM, et al. Chronic ingestion of 2-deoxy-D-
glucose induces cardiac vacuolization and increases mortality in rats. Toxicol Appl
Pharmacol 2010;243:332-339.
Original Article Obesity
OBESITY BIOLOGY AND INTEGRATED PHYSIOLOGY
www.obesityjournal.org Obesity | VOLUME 25 | NUMBER 1 | JANUARY 2017 83
22. Burrill JS, Long EK, Reilly B, et al. Inflammation and ER stress regulate branched-
chain amino acid uptake and metabolism in adipocytes. Mol Endocrinol 2015;29:
411-420.
23. Senft D, Ronai ZA. UPR, autophagy, and mitochondria crosstalk underlies the ER
stress response. Trends Biochem Sci 2015;40:141-148.
24. Kanda H, Tateya S, Tamori Y, et al. MCP-1 contributes to macrophage infiltration
into adipose tissue, insulin resistance, and hepatic steatosis in obesity. J Clin Invest
2006;116:1494-1505.
25. Kamei N, Tobe K, Suzuki R, et al. Overexpression of monocyte chemoattractant
protein-1 in adipose tissues causes macrophage recruitment and insulin resistance.
J Biol Chem 2006;281:26602-26614.
26. Inouye KE, Shi H, Howard JK, et al. Absence of CC chemokine ligand 2 does not
limit obesity-associated infiltration of macrophages into adipose tissue. Diabetes
2007;56:2242-2250.
27. Kirk EA, Sagawa ZK, McDonald TO, O’Brien KD, Heinecke JW. Monocyte
chemoattractant protein deficiency fails to restrain macrophage infiltration into
adipose tissue [corrected]. Diabetes 2008;57:1254-1261.
28. Gutierrez DA, Kennedy A, Orr JS, et al. Aberrant accumulation of undifferentiated
myeloid cells in the adipose tissue of CCR2-deficient mice delays improvements in
insulin sensitivity. Diabetes 2011;60:2820-2829.
29. Weisberg SP, Hunter D, Huber R, et al. CCR2 modulates inflammatory and
metabolic effects of high-fat feeding. J Clin Invest 2006;116:115-124.
Obesity 2-DOG Inhibits Chemokine Expression in Adipocytes Grant et al.
84 Obesity | VOLUME 25 | NUMBER 1 | JANUARY 2017 www.obesityjournal.org
